The collective dynamics of liquid deuterium is studied by means of inelastic neutron scattering (INS) at 20.14 K and under 2 bars of applied pressure using two different incident energies. The low-incident-energy (high-energy-resolution) spectra are studied in detail by means of a time-of-flight (TOF) technique, whereas the finite-frequency response is investigated using a higher incident energy on a triple-axis spectrometer (TAS). The main finding of our work is the observation by the latter experimental technique of well-defined collective excitations up to a momentum transfer of 3.8 A Comparisons are established with the dispersive behavior observed in other liquid systems as well as with the predictions from recent correlated-density-matrix calculations.
I. INTRODUCTION
The dynamical response of liquid hydrogens (mainly Hz and Dz) at time and length scales comparable with the relevant intermolecular processes (i.e., a few picoseconds and angstroms) has attracted considerable attention from the early days of neutron scattering. i Although a number of studies have been reported on the low-energy dynamics (i.e., quasielastic scattering) of liquid and dense-gas phases, i 2 as well as on the high-momentum-transfer (i.e., deep inelastic) region in the solid and liquid phases of Hz, rather few attempts have been registered where the dispersion curves for solid or liquid ' AT = 0.6 A. at T=27 K. It is worth mentioning that the interest in the collective dynamical properties of the liquid hydrogens has been reawakened by the expectations raised from some calculations regarding the possibility of supercooling liquid para-hydrogen7 as well as from the prediction of the existence of a superHuid phase in clusters of (para-H2).
The purpose of this paper is, therefore, to provide new and up-to-date information regarding the collective dynamics of liquid normal deuterium in the bulk phase at temperatures just above melting. In order to achieve our purpose we have performed neutron inelastic scattering experiments with two different incident energies.
The values of these energies (4.8 meV and 34.9 meV) have been chosen, with due regard to the estimate of the isothermal sound velocity, respectively, below and above the kinematical excitation threshold for soundlike excitations (ca.7 meV for wave vectors of 1 A. i).
The reason to choose deuterium instead of para-Hz was motivated by the fact that, in the latter case, due to 0163-1829/93/47(22) /15097(16)/$06. 00 47 15 097
1993 The American Physical Society the conversion to incoherently scattering ortho-hydrogen (ortho-H2), the incident neutron energy has to be lower than the one associated to the ortho-para conversion (14.5 meV), a fact which precludes the measurement of the dispersion curve at momentum-transfers below 1
A.
, due to kinematical restrictions. On the contrary, for an equilibrium mixture of D2 with a para-D2 concentration of 1/3, the cross section for thermal or cold neutrons is mostly coherent even if the incident neutron energy surpasses the ortho-to para-D2 conversion energy (about 7.4 meV).
We also include a study of the high-energy-resolution (low-incident energy) spectra of the polycrystalline (hcp) solid at 7=10 K in order to provide a comparison with the liquid, since the only data found in the literature corresponds to rather old measurements, performed using, both energy resolution and counting statistics far below the capabilities of the present-day spectrometers.
On the other hand, for the high-energy dynamics of the solid phase we rely on the dispersion data for single crystals of ortho-D2 measured using a TAS instrument by Nielsen. A preliminary account of the results concerning the TAS data has already been given, and the present work provides a complete comparison between data measured using different excitation energies, a fact which enables the separation of the low-energy contributions (singleparticle quantities) from the total coherent response.
The sketch of the paper is as follows; Sec. II will give some details about the experimental techniques; the data analysis procedures and the employed approximations are described next in Sec. III. The An absorption and container subtraction correction was applied using a generalization of the Paalman-Pings procedure to inelastic scattering.
Multiple scattering corrections were also performed and the resolution in energy and momentum transfers were finally computed for each measured point using a modified version of the RESCAL code. As an indication, the achieved resolution in energy and momentum transfers were, for the elastic peak at Q=1.0 A. I, of about 2.5 meV and 0.12 A.
All the measurements using the TAS spectrometer were carried out at 20.14 K and 2 bars of applied pressure. The complete melting of the sample was monitored by measurements of the elastic structure factor S(Q, E = 0).
Its value was also used in order to normalize the measured intensities to an absolute scale.
III. DATA ANALYSIS
The scattering intensity can be written as a sum of contributions from single and multiple excitations convolved with the instrumental resolution, B(Q, E), as Fig. 2 . On the other hand, due to the substantial broadening clearly apparent in the liquid, a more detailed formulation is required to account for the mass-diffusion effects present in the fluid phase. The adopted model is a sum of one and multiphonon processes which is convolved with the experimental resolution
where the first term represents the scattering from single molecules and accounts for rotational transitions as well as for recoiling processes and diffusive motions:
The term Sf,6, (Q, E) accounts for processes involving free recoil and the relevant formulas for these contributions have been given in Eqs. (2a) and (2b) tering and do not take into account the broadening due to translational diffusive motions. As an alternative, we have modeled the single-molecule contribution in terms of a freely di8'using particle with an effective mass M,p following the same lines of reasoning as Powles and Rickayzen.
The wave-vector dependence of the incoher-I ent broadening other than the one due to recoil motions is therefore accounted for by the diffusive contribution.
A comparison of the experimental and fitted spectra is also given in Fig. 2 .
The density Z(E) of states (DOS) for the polycrystal has been obtained from
where AE is the energy window employed in the present experiment, q@ is an average wave vector over all those nodes entering such energies, and the rest of the symbols retain the meaning given above. A diferent approach was followed for the liquid, where in order to get the correct intercept at zero frequency the procedure due to Carneirors was followed. In this treatment, in order to regain the limit at E -+ 0, the experimental intensities were divided by E2/[Ez+ (DT Q2) 2], where DT stands for the macroscopic diffusion coeKcient. Estimates for this quantity were obtained from the analysis of the quasielastic spectra as it will be described below. The resulting function Z(E) is displayed in Fig. 3(b) .
B. Collective dynamics
In order to analyze the TAS spectra of the nonzero frequency excitations that are clearly visible in Fig. 4 , the scattering law for S,",(Q, E) needs to be specified. Such a contribution has been modeled in terms of a damped harmonic oscillator,
to take account of the eKects of these elementary excitations. They are characterized by their renormalized frequency Aq and an associated damping amplitude rq and described by the function (9) suitably normalized to unity, f D(Q, 2:)dx = 1. Function H(Q) acts as an appropriate strength factor independent of the energy E and may be adopted by fitting the experimental data. The semiphenomenological ansatz (9) is based on the picture of a damped harmonic oscillator. In the limit of no damping, function (9) represents a Dirac function, 6[E -(RAN) ), with sharply peaked excitation energies Mg and the strength factor H(Q) may be related to the static structure function S(Q).
The relative importance of the components (4) and (8) constituting the spectral function of the total intensity can be gauged by comparing the measured and fitted intensities shown in Fig. 5 . To reduce the number of free parameters our results on the function S"ir(Q, E) and the coherent quasielastic contribution, Eq. (4) The wave-vector dependence of these peak positions and linewidths of the rotational peak in the liquid phase is shown in Fig. 8 . In contrast to the solid, the peak, apart from being broader due to the presence of diffusive motions, overlaps substantially with the coherent quasielastic intensity. This fact introduces additional difficulties when trying to estimate accurately the peak position and its intrinsic width. As it can be seen from Fig.  2(a) +4/3i,'(Qr. ,/2) jS; (Q, 0) . (14) Here, a normal deuterium composition is assumed (i.e. , the equilibrium para-D2 concentration of 1/3, close to the value found for the solid runs, is assumed to be constant during the experiment), A is a scaling constant, and Sd~ir(Q, 0) is given by the mode-coupling equations (14). Fig. 3(a) Fig. 3(c) . The neutron data are consistently above the experimental values as it should be expected since the heat capacities are evaluated in the harmonic approximation. The low-energy collective dynamics can be reasonably well represented by the model scattering laws described above. However, systematic discrepancies appear on the neutron energy-loss side of the spectra corresponding to Q values around the maximum of the structure function S(Q). As a matter of fact, a hump located at about at low wave vectors is shown in Fig. 11 Beyond the roton minimum, some intensity is transferred from the one-phonon response to the multiphonon contribution, a fact that complicates the detailed analysis of this region if approximations more refined than the Gaussian are required. 4 In particular, the mixing of multiphonon and recoil effects leads to difhculties in the accurate estimation of the Aq frequencies and I'g damping factors for wave vectors above 2.5 A i. The fact that the maxima of the broad multiexcitation contribution is located at 10.3 meV and the relatively low temperature at which the experiment was performed, made this contribution rather small even at larger wave vectors. As S(Q, E)dE = S(Q).
Integrating the fitted functions yields the curve in Fig. 12 . It can be compared to theoretical results derived within the correlated density matrix theorys2 on the intermolecular static structure function SCM(Q). Adopting the approximation of uncorrelated rotational and translational motions, the total static structure function is given by
with the molecular form factors (18) fi ( We may also compare the results on the excitation energy BAN, the phase velocity c(Q) (Fig. 11) , the amount of dispersion, the strength factor H(Q), and the varia consequence, the spectral line shapes were well reproduced using the simplified approximation followed in this work.
The results on S(Q, E) may be exploited to derive some information on the static structure function S(Q) via the sum rule (zero moment) O8- 
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The calculation has been done at a temperature T=20 K and a (molecular) number density g = 0.027A. . The latter should be comparable to the experimental density corresponding to the experimental pressure p = 2 bars.
Our results on the excitation energy E'"(Q) are shown in Fig. 10 while the phase velocity c(Q) = E'"(Q)/hQ is compared to the experimental values in Fig. 11 . The comparison of the experimental and theoretical excitation energies, Mq and E'"(Q), respectively, shows fair agreement in the general shape of the curves, in particular in the locations of the maximum ("maxon region") and minimum ("roton region") in Q space, whereas systernatic differences clearly occur in the energy values, especially in the phonon and maxon regions. To some extent, this is unexpected, as it is well known that the neglect of backflow35 fails to bring down the Feynman rotons to the experimental values but has little effect on the phonons in liquid 4He. However, once this discrepancy in the overall scaling of the two curves is accepted, the comparison shown in Fig. 11 for the phase velocities of the excitations evidences the fact that the large amount of positive dispersion shown by the experimental data is reproduced in the calculation although the calculation seems to deviate from the hydrodynamic limit a great deal more than an extrapolation of the experimental behavior.
F'IG. 10. The upper part shows the excitation energies (solid line and full circles) and the recoil curve for a particle with a mass equal to that of the deuterium molecule (dashdots) The results from the density-matrix calculation is given by the solid line. The curves above the experimental results are the fits to the roton [Eq. (17) The upper graph shows the estimate of the SQM (Q), static structure factor for the center of mass from the calculation (solid line) and from the experimental results (full circles). The lower frame displays the normalized second frequency moment (i.e., the ratio of second to zeroth moments). Fig. 13 . From comparison between the Z(E) displayed in Fig. 3(b) for liquid deuterium and the curve shown in Fig. 13 corresponding to the density of states derived from the fitted functions to the TAS spectra (i.e., without effects due to instrumental broadening) it becomes apparent that a large number of excitations appear between the low-frequency region, which is dominated by low-energy coherent excitations which also appear in the TOF data and the J = 1~0 rotational peak. 90, 681 (1967) . Note that to compare the values for the line widths given in this work with those reported in the above referred papers, a conversion factor of 2.538 has to be used in order to convert the Gaussian full widths to frequency moments. A number of other studies have appeared, for instance, see W. Schott, Z. Phys. 231, 243 (1970) and references therein. Studies of
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